creasing the viable count. Mg+ and, to a lesser extent, phosphate buffer at the concentrations tested protected unfrozen cells, but not cells which had been frozen and stored, against the loss of capacity to grow on minimal medium. When the plating diluent consisted of distilled water redistilled in an all-glass still, the symptoms of metabolic injury did not appear. Spectrographic analysis revealed the presence of 107 M CuII in the distilled water, and Cu+ added to redistilled water serving as the plating diluent reproduced the metabolic injury effects induced by distilled water. It was concluded that freezing and storage damaged the cell membrane, rendering it more penetrable by toxic elements which were therebyenabled to act at sites in the cell where Mg+ and other solutes in the plating diluent could not serve as effective antagonists. Increased recovery of cells on supplemented medium could be ascribed to the capacity of the supplements to remove toxic elements which had become bound to the cells during suspension in the plating diluent.
Many bacterial species appear to develop increased nutritional requirements when exposed to various forms of sublethal stress. The phenomenon has been most extensively studied with bacteria subjected to freezing. Straka and Stokes (14) , working with Escherichia coli and some species of Pseudomonas, observed that suspensions of the ceUs gave the same plate counts before freezing on both minimal and enriched agar media. After freezing and a period of storage, a reduction in the total numbers of cells was observed, but plate counts were always higher on the enriched medium. Those bacteria growing only on the enriched medium were referred to as metabolically injured cells. This conversion of a part of a population of cells by freezing, or by freezing and storage, to a dependence on an enriched medium for growth has been confirmed by a number of workers (1, 6, 8. 10, 13) . Straka and Stokes (14) and, more recently, Moss and Speck (8, 9) concluded that the factor in enriched media responsible for 556.
casein promoted growth of these cells when added as supplements to the minimal medium. MacLeod, Smith, and Gelinas (6) , on the other hand, found that mixtures of amino acids or cysteine were as effective as more complex supplements to the minimal medium for increasing the bacterial count on suspensions of Aerobacter aerogenes or E. coli which had been frozen and stored. In studies of metabolic injury, it has been customary to add a buffer or other electrolyte to the diluent used to dilute the suspensions of cells for plating. It has been found in the present study, with A. aerogenes as the test organism, that when the plating diluent consisted only of distilled water even unfrozen cells of the organism developed symptoms of metabolic injury.
The effect produced by distilled water has been traced to its content of toxic trace elements. One of the elements, Cu i, when added to redistilled water reproduced the effects of the distilled water.
The relation of these findings to the metabolic injury induced by freezing and storage is considered. MATERIALS Cell suspensions. Suspensions of the cells for freezing were prepared essentially according to the procedure of Straka and Stokes (14) , as modified by MacLeod et al. (6) . The cells from a 24-hr TSA slant culture of the organism were washed from the slant and diluted to 100 ml with a sterile solution containing 2 X 10-3 M MgSO4 and 3 X 10-4 M phosphate buffer (K+, pH 7.2). A 1-ml amount of the resulting suspension was diluted to 100 ml with sterile 0.5% beef extract. Preparation of glassware. All glassware used to concentrate the distilled and redistilled water, to conduct the analyses, and to prepare dilutions of the cells for plating was held a minimum of 3 hr in a mixture of concentrated H2SO4 and HNO3 acids (2:1). This treatment was followed by 3 rinses with tap water and finally by 10 rinses with redistilled water.
REsuLTS
Development ofmetabolic injury in unfrozen and frozen cells. In the course of studying the nutritional factors in complex media responsible for the increases in plate counts when suspensions of cells which had been frozen and stored were plated (6), it became apparent that the composition of the plating diluent was intimately associated with the development of metabolic injury. When the plating diluent was distiled water, even unfrozen cells developed metabolic injury. Table 1 shows that, when unfrozen cells were suspended in distilled water for plating, the count on the suspension varied with the age of the suspension and the composition of the plating medium. When the cells were plated on the miniimal salts-glucose medium, the count dropped rapidly to less than 4% of the initial count in 6 hr. When the plating medium was supplemented with yeast extract or cysteine, the count remained essentially constant for the first 2 hr, after which it also gradually declined. When the plating diluent consisted of distilled water supplemented with potassium phosphate buffer (pH 7.2) and Mg++ at the levels used in the previous study of metabolic injury induced by freezing and storage (6) , no variation in plate counts with composition of the plating medium was obtained.
When a portion of the ceUs used to obtain the results shown in Table 1 was frozen and stored, the cells developed metabolic injury even when the plating diluent consisted of distilled water supplemented with Mg++ and buffer. After freezing and 4 weeks of cold storage, the cells were tested for their capacity to grow on minimal and supplemented media (Table 2 ). With the frozen and stored cells, differences in plate count between minimal and supplemented media were evident even after the shortest period of suspension in the plating diluent. As the time of suspension in- Relation of water quality to metabolic injury.
The distilled water used in these experiments was obtained from a still lined with block tin to protect against metal-ion contamination. When the water from this still was redistilled by use of an all-glass still, the toxic action as measured by plating on a minimal medium was essentially eliminated (Table 4 , experiment A). There was no loss in viable count on cells suspended in redistilled water for a 4-hr period, and the metabolic-injury effect as measured by the difference in count on niinimal and supplemented media almost completely disappeared. That the toxic action of the distilled water was due to something introduced into the water by the distilled-water system employed was evident from the fact that a sample of tap water from the same source used to feed the still had no toxic action. To determine whether the piping used to distribute the distilled water to the laboratory could be introducing the toxic component, the toxicity of water from the storage tank associated with the still was tested. The results (Table 4 , experiment B) showed that this water was as toxic as the water piped to the laboratory. In a further experiment not shown, water collected from the condenser was found to be toxic. Trace elements in distilled water. Samples of distilled water and redistilled water were analyzed qualitatively and quantitatively for metal ions by use of a spectrograph. Table 5 shows the results of one of these analyses. Traces of B, Mg, Fe, Cu, and Ca were detected in both samples, with appreciably reduced amounts being found in the redistilled water.
When the elements detected as contaminants in the distilled water were added to redistilled water, only Cu was toxic at the level found in distilled water ( Table 6 ). The pattern of its toxic action was essentially the same as that of the distilled water. When either distilled water or the redistilled water containing added Cu++ served as plating diluent, fewer cells grew on minimal as compared with supplemented medium and the difference in count increased as the time of exposure to the plating diluent increased. Thus, Cu+ , like distilled water, could produce in a suspension of unfrozen cells an effect indistinguishable from the metabolic injury induced by freezing and storage.
Characteristics of the Cu+ effect. Cysteine was found to be as effective as yeast extract as a supplement to the minimal medium in increasing the recovery of cells exposed to Cu+ in the plating diluent (Table 7) . When phosphate buffer and Mg++ were included in the plating diluent, the reduction in count on the minimal medium due to the action of Cuii were largely eliminated.
A portion of the same suspension of cells used to prepare the dilutions for the experiment reported in Table 7 was frozen and stored for 5 weeks and examined again ( Mgt and the buffer were tested separately to determine which of these components in the plating diluent prevented the action of Cu 1 in reducing the count on minimal medium. Each component was tested with unfrozen cells, and with a portion of the same cells subjected to freezing and a period of storage. When the buffer was tested with unfrozen cells (Table 9 ), the level of buffer ordinarily used in the plating diluent (3 X 10-4 M) had no capacity to prevent the action of Cu++ in reducing the count on the unsupplemented medium. However, 10 times the buffer level did have some protective action. After freezing and storage, even 10 times the buffer level showed little capacity to prevent the difference in count developing between minimal and supplemented medium. When Mg++ was present in the plating diluent at the level ordinarily used (2 x 10-3 M), it prevented the reduction in count on minimal medium caused by Cud in the plating diluent when unfrozen cells were plated immediately (Table 10) number of other ions were tested for their capacity to induce metabolic injury. Ag+ and Hg-produced effects similar to Cu+ in unfrozen cells of A. aerogenes (Table 12) , with Ag+ being more and Hgi somewhat less toxic than the Cu++. Sn i, Pb++, Zni , and Cd produce no metabolicinjury effect when tested in the same concentration range.
Other sources of distilled water. Since the distilled water in these experiments came from a single still installation, it was important to know whether the results were unique for water from this still. Accordingly, water from three other installations of the same type of still was tested (Table 13 ). Distilled water sample D was from the same source used in the previous experiments. This sample and the product obtained from it by redistillation in an all-glass still were used for comparison with water from the other stills. Water samples from stills A and B, when used as plating diluents, were as toxic or more toxic than water from still D when minimal medium was used for plating. Prolonged exposure to these waters reduced the count even on the medium supplemented with cysteine. Water from still C, however, proved to be nontoxic on either plating medium. Still C differed from the other stills in that it was new and recently installed. DISCUSSION The results reported here show that when steps were taken to reduce the content of toxic trace elements in the plating diluent, the metabolic injury produced by freezing and storage, as evidenced by the development of differences in plate Other workers studying metabolic injury produced by freezing and storage have not found it necessary to include Mg++ in the plating diluent to prevent the development of differences in counts on minimal and complex media when unfrozen cells were used. It is therefore necessary to consider whether toxic trace elements in the plating diluent could have been a factor in the development of the metabolic injury reported in their studies. We have obtained evidence that E. coli 451-B, one of the cultures used by Straka and Stokes (14) and Moss and Speck (8) , is appreciably less sensitive to Cu++ before freezing than our strain of A. aerogenes, though it also developed increased sensitivity to Cu after freezing and storage. Therefore, the lack of a need for Mg++ in the plating diluent before freezing and storage would not rule out the possible involvement of toxic trace elements in the development of metabolic injury in this organism after freezing and storage. Nakamura and Dawson (10) used distilled water further treated with a laboratory demineralizer in their studies of metabolic injury produced in Shigella sonnei by freezing and storage. Although this might at first seem to rule out toxic trace elements as a factor in their studies, Postgate and Hunter (12) reported that their laboratory-distilled and -deionized water contained 2 x 10-M Cu++. This is twice the highest level of Cu detected in the distilled water in our experiments.
We have consistently found that our distilled water and its ashed residue were more toxic than could be accounted for by their content of Cu+. When suspensions of cells of gram-negative bacteria are frozen and stored, part of the population is killed in the sense that the cells will not grow under any of the cultural conditions devised, part is injured as indicated by the increased penetrability of a proportion of the cells to toxic materials, and part appears to be unchanged. Depending on the conditions and the method used for freezing, the number of bacteria in the population which are killed may far exceed the number which are injured. Straka and Stokes (14) suggested that nonlethal injury may represent the first stage in the development of a condition sufficiently critical to cause death of the cells. At the present time, it is not known whether this means that, in the part of the cell population which is killed by freezing, membrane damage is extensive enough to prevent the cells from growing and dividing.
